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1.0 


INTRODUCTION 


1. 1  General 

This  report  is  submitted  in  fulfillment  of  contract  DA-44-009-AMC-1135(T)  dated 
June  2,  1965.  In  accordance  with  the  requirements  of  the  contract,  a  detailed  engineering 
design  is  provided  for  a  24,000  Btu/hr  thermoelectric  environmental  control  unit.  The 
design  has  been  formulated  to  meet  the  system  requirements  described  in  Exhibit  "A", 
Purchase  Description  of  Request  for  Quotation  No.  65-1816-B  dated  January  5,  1965  and 
Amendment  No.  1  dated  April  26,  1965. 

The  design  presented  in  this  report  is  a  practical  one  for  the  application.  The  analyt¬ 
ical  and  design  optimization  techniques  which  are  employed  have  been  qualified  by  previous 
experience  in  designing  and  building  thermoelectric  systems.  Useful  experience  which 
was  utilized  in  this  study  includes  the  design  and  development  of  a  thermoelectric  ‘Sir  condi¬ 
tioning  system  for  submarines,  performed  under  contracts  NObs  77112  and  84598  for  the 
Bureau  of  Ships,  U.S.  Navy  Department.  More  recently  the  first  thermoelectric  air  condi¬ 
tioning  and  control  systems  to  be  sold  for  a  commercial  application  were  developed  by  Carrier 
for  installation  in  the  headquarters  office  building  of  S.C.  Johnson  and  Son,  Inc. ,  Racine, 
Wisconsin.  Twenty-eight  complete  systems  have  been  in  operation  for  approximately  one 
year.  The  advantages  and  proven  meth  as  which  were  utilized  in  these  systems  have  been 
incorporated  into  the  environmental  control  unit  design  provided  herein.  The  experience 
gained  in  these  and  other  similar  developments  provides  assurance  that  an  actual  system  of 
the  design  shown  can  be  built  successfully  and  will  perform  in  accordance  with  the  operational 
characteristics  described. 

1.2  System  Requirements 

The  Purchase  Description  calls  for  a  complete  engineering  design  of  a  thermoelectric 
environmental  control  unit  to  be  optimized  for  minimum  size  and  weight  as  well  as  for  maxi¬ 
mum  efficiency.  Hie  design  conditions  for  this  system  are  detailed  in  the  Purchase  Descrip¬ 
tion.  A  brief  summary  of  the  design  conditions  is  listed  in  Table  I: 
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TABLE  I. 


Cooling  capacity . 

Ambient  air  temperature . 
Supply  air  temperature  .  . 
Coefficient  of  performance 
Heating  capacity . 

Maximum  dimensions  .  .  . 

Maximum  volume . 

Supply  air  flow . 

Supply  air  pressure  .  .  .  . 
Control . 

Power  conversion . 

Main  power  supply . 

Reliability . 

Maximum  noise  level  .  .  . 


24,000  Btu/hr 
120°F 
92°F 

Minimum  of  1. 0 

Unspecified,  consistent  with  full  reversal  of 
design  operating  voltage 

40  in.  wide  x  18  in.  deep  x  66  in.  high 

15  cubic  feet 

840  to  1,000 

0.25  in.  of  water 

Provisions  for  both  automatic  and  manual 
operation 

Solid  state  without  voltage  transformation 

208  volt,  3  phase,  adaptable  to  both 
60  and  400  cps. 

Capable  of  continuous  operating  for 
10,000  hours 

ASHRAE  NC-60 


>8ed  Work 


On  February  5,  1965  Carrier  Proposal  No.  MD8512-2  was  submitted  to  USAERDL 
in  reply  to  the  subject  Proposal  Request.  This  proposal  detailed  the  work  required  to  meet 
the  specifications  of  the  Purchase  Description.  No  exceptions  were  taken  to  these  specifica¬ 
tions.  The  proposed  work  included  a  complete  system  analysis  in  order  to  provide  an  optimum 
design  for  the  subject  unit.  This  work  has  subsequently  been  completed  as  proposed;  the 
exact  procedure  followed  and  the  results  obtained  are  described  in  the  following  sections  of 
this  report. 


Summary  of  Work  Completed 


In  order  to  formulate  the  system  design,  an  extensive  optimisation  analysis  was 
carried  out.  In  this  analysis,  twelve  design  parameters  were  optimised  for  minimum  weight 
and  maximum  efficiency,  four  of  which  describe  the  TE  panel  configuration  and  eight  wMch 
describe  the  heat  exchanger  characteristics. 
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Next,  a  study  was  made  of  the  various  system  arrangements  that  could  incorporate 
the  optimized  TIC  coil  into  a  practical  design  which  would  meet  the  requirements  of  the  pur¬ 
chase  description.  Consideration  was  also  given  to  the  type  of  fans  which  could  be  utilized 
with  these  various  system  arrangements.  Similarly,  various  methods  for  controlling  the 
system  were  studied.  From  the  results  of  these  studies,  a  final  system  design  was  developed 
as  shown  in  Section  3.0  of  this  report.  Further  calculations  were  then  made  to  determine 
the  performance  characteristics  of  this  unit  over  a  complete  range  of  operating  conditions. 
Performance  information  is  contained  in  Section  4.  3. 

The  system  described  in  Section  3.  0  is  28  inches  wide  by  18  inches  deep  by  63  inches 
high,  weighs  approximately  380  pounds,  operates  at  an  overall  coefficient  of  performance 
(COP)  of  1. 12,  and  has  a  net  cooling  capacity  of  24,000  Btu/hr  at  design  operating  conditions. 
The  dual  frequency  vaneaxial  fans  selected  for  the  design  are  well  suited  to  meet  the  reli¬ 
ability  and  noise  requirements.  The  power  rectifier  will  furnish  3  phase,  full  wave  d-c 
power  without  voltage  transformation.  The  control  system  will  furnish  modulated  capacity 
control  from  full  cooling  to  full  heating  as  required  by  ihe  system  load. 

2. 0  SYSTEM  ANALYSIS 

2. 1  General 

In  order  to  make  a  complete  system  analysis,  the  environmental  control  unit  was 
divided  into  three  subsystems  which,  for  convenience  purposes,  can  be  considered  sep¬ 
arately.  These  subsystems  consist  of  the  thermoelectric  coil,  the  air  handling  system,  and 
the  control  and  power  conversion  system.  The  thermoelectric  coil  and  the  air  handling 
system  are  very  closely  related  physically.  However,  for  purposes  of  design,  the  control 
and  power  conversion  system  may  be  considered  to  be  independent  of  the  other  subsystems 
so  fur  as  physical  interrelations  are  concerned.  Some  reasons  for  this  include  the  small 
size,  light  weight,  and  high  efficiency  of  this  subsystem.  Also,  because  this  portion  of  the 
system  is  physically  connected  to  the  other  parts  by  light  flexible  wire,  it  is  not  restricted 
in  its  physical  location  or  orientation  to  the  others. 

2.2  Thermoelectric  Coil 

There  are  14  major  physical  and  operating  parameters  that  affect  the  size,  weight, 
and  performance  of  an  air-to-air  thermoelectric  unit.  These  are: 
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1.  Element  length 

2.  Element  diameter 

3.  Element  packing  density  (ratio  of  element  area  to  panel  area) 

4.  Conductor  strap  thickness 

5.  Operating  current 

6.  Internal  fin  spacing 

7.  External  fin  spacing 

8.  Internal  fin  thickness 

9.  External  fin  thickness 

10.  Internal  fin  height 

11.  External  fin  height 

12.  Fin  material 

13.  Internal  air  velocity 

14.  External  air  velocity 

Because  the  thermoelectric  coil  is  the  heaviest  part  of  the  system,  it  is  of  consid¬ 
erable  importance  that  this  coil  be  optimized  for  minimum  weight.  The  system  fans  also 
represent  a  substantial  portion  of  the  overall  weight,  the  size  and  power  requirements  of 
which  must  also  be  included  in  this  study  in  order  to  yield  an  optimum  system.  Fortunately, 
some  of  the  system  parameters  do  not  require  optimization.  For  example,  the  fin  material 
must  be  aluminum,  since  it  has  the  highest  ratio  of  thermal  conductivity  to  weight.  Also, 
from  past  experience,  it  is  known  that  the  optimum  strap  thickness  is  considerably  less  than 
the  minimum  thickness  that  can  be  physically  handled  efficiently.  The  minimum  conductor 
strap  thickness  is  considered  to  be  0. 020  inches  for  this  system. 

2. 2. 1  System  Optimization  Procedure.  In  order  to  optimize  the  remaining  12  parameters, 
equations  were  written  which  describe  the  system  in  terms  of  these  parameters.  These 
equations  were  then  programmed  into  an  analog  computer  and  solved  while  each  parameter 
was  varied  through  a  complete  range  of  values.  The  results  were  then  plotted  to  show  var¬ 
iation  in  system  coefficient  of  performance  over  a  range  of  operating  current  density  and  for 
various  values  of  the  parameter  being  varied.  An  example  of  this  plot  is  shown  in  Figure  1. 
This  curve  illustrates  the  significance  of  parameter  variation  since  it  shows  the  large  change 
in  performance  that  can  be  expected  as  a  result  of  changes  in  internal  air  velocity.  Not  all 
of  the  parameters  have  this  much  effect  on  system  performance  or  weight. 
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I 

I  Fortunately,  the  optimum  value  of  each  parameter  is  somewhat  independent  of  the 

others  and;  therefore,  this  procei  ..re  converges  on  an  optimum  design  quite  rapidly.  To 
initiate  this  procedure,  it  was  necessary  to  first  assume  a  value  for  each  parameter.  Next, 

|  for  each  parameter,  calculations  were  made  over  the  complete  range  and  the  optimum  param¬ 

eter  value  was  then  used  while  the  next  parameter  was  varied.  This  procedure  continued 
|  until  all  parameters  were  optimized  ,l-e  first  time,  then  the  entire  procedure  was  repeated  a 

second  time  to  insure  that  all  values  represented  the  true  optimum.  Table  II  shows  these 
I  parameters  in  the  order  they  were  optimized,  the  initial  assumed  parameter  value,  the 

parameter  value  after  the  first  optimization,  and  the  final  value  after  the  second  optimization.  - 


TABLE  II 


PARAMETER 

ASSUMED 

INITIAL 

VALUE 

VALUE 

AFTER  FIRST 
OPTIMIZATION 

VALUE 

AFTER  SECOND 
OPTIMIZATION 

Packing  density  (%) 

50 

50 

Internal  air  velocity  (ft/min. ) 

600 

300 

300 

External  air  velocity  (ft/min.) 

1000 

800 

700 

Internal  fin  spacing  (fin/in. ) 

24 

28 

30 

External  fin  spacing  (fin/in. ) 

24 

28 

30 

Internal  fin  thickness  (in. ) 

0.010 

0.007 

0.006 

External  fin  thickness  (in. ) 

0.010 

0.007 

0. 006 

Internal  fin  height  (in. ) 

1.00 

0.80 

0. 80 

External  fin  height  (in. ) 

1.00 

1.00 

1.00 

Some  of  the  thermoelectric  panel  parameters  are  not  shown  in  Table  n.  The  ele¬ 
ment  length  is  not  included  because  this  value  was  set  up  as  a  variable  on  the  computer 
program  and  was  varied  to  give  the  maximum  coefficient  of  performance  for  each  calcula¬ 
tion  (the  element  length  was  optimized  for  each  solution).  Hie  other  parameters  not  shown 
are  element  diameter  and  operating  current.  Indirectly,  these  values  are  combined  into  the 
current  density  and  show  up  as  one  of  the  variables  on  the  optimization  curve,  Figure  1. 

The  element  diameter  is  not  actually  optimized  until  the  system  design  is  finalized.  Figure 
2  shows  the  final  results  of  this  optimization  procedure.  This  curve  shows  the  optimum 
relation  between  system  weight  and  system  performance  over  the  practical  range  of  opera¬ 
ting  current  density. 


SYSTEM  COEFFICIENT  OF  PERFORMANCE 


SYSTEM  COEFFICIENT  OF  PERFORMANCE 


SYSTEM  WEIGHT,  LB 


Figure  2.  Final  Optimization  Curve  showing  System  Weight  and 
Performance  as  a  Function  of  Current  Density 
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It  should  be  pointed  out  that  in  this  study,  reference  is  always  made  to  overall 
system  weight  and  system  performance,  not  thermoelectric  coil  weight  or  performance. 
System  weight  includes  the  weight  of  the  thermoelectric  coil ,  the  weight  of  the  fans  (which 
is  calculated  as  a  function  of  the  fan  power  requirement)  and  the  weight  of  the  unit  frame  and 
manifolds  which  are  assumed  to  equal  50  per  cent  of  the  fan  and  coil  weight.  System  coeffi¬ 
cient  of  performance  is  defined  as  the  system  cooling  capacity  divided  by  system  power 
required.  System  power  required  includes  fan  power  as  well  as  the  power  required  by  the 
thermoelectric  coil.  Fan  power  is  calculated  from  fin  pressure  drop  and  air  velocity  based 
on  an  overall  fan-motor  efficiency  of  40  per  cent.  System  cooling  capacity  is  always  equal 
to  24,000  Btu/hr,  but  is  calculated  by  subtracting  the  internal  fan  power  from  the  thermo¬ 
electric  coil  cooling  capacity. 

2. 2. 2  Analog  Procedure.  The  optimization  equations  and  the  analog  procedure  used  to 
solve  these  equations  are  essentially  the  same  as  those  described  in  detail  in  Carrier's 
Proposal  No.  MD-8512-2.  The  exact  equations  and  calculations  are  presented  in  the  orig¬ 
inal  design  calculations  attached  to  Copy  No.  1  of  this  report. 

2. 2. 3  Material  Parameters.  Thermoelectric  material  parameters  used  in  this  study  are 
also  the  same  as  described  in  the  reference  proposal.  These  parameters  represent  average 
values  obtained  from  actual  measurement  during  fabrication  of  more  than  600  thermoelectric 
panels  built  by  Carrier,  and  are  based  on  currently  available  commercial  thermoelectric 
material.  Table  m  shows  the  variation  in  material  parameters  with  temperature. 

TABLE  III 


NUMERICAL  VALUE 


PARAMETER 

SYMBOL 

UNITS 

AT  81°F 

AT  152°F 

Seebeck  coefficient 

a 

Volts/couple  -°F 

1.98  x  104 

2. 18  x  10* 

Electrical  resistivity 

Pn^p 

Ohm-in.  /couple 

7.84  x  iff4 

9.  37  x  10* 

Thermal  conductivity 

k 

Btu-in.  /hr-ft*-°F 

7.72 

7.84 

Figure  of  merit 

Z 

°C 

2.  86  x  iff3 

2.  86  x  10s 

Electrical  resistance  of 
TE  junctions 

r 

Ohm -era2 

1  x  l5® 

1  X  1? 

Thermal  conductivity  of 
foam  insulation 

kina 

Btu-in.  /hr-ft2  -°F 

0.20 

0.20 
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Although  these  parameter  values  do  vary  with  temperature,  they  were  considered 
constant  at  the  152°F  value  for  the  optimization  calculations.  This  is  justified  because  the 
figure  of  merit  is  directly  related  to  efficiency  and  this  parameter  does  not  vary  with  tem¬ 
perature  over  this  range.  It  is  important  to  note,  however,  that  these  variations  are  taken 
into  account  in  the  final  design  and  the  performance  calculations  described  in  Section  3. 0  and 
Section  4.  3. 

The  heat  exchanger  surfaces  utilized  in  this  analysis  are  a  straight  fin  laminar  flow 
type.  The  performance  characteristics  of  these  surfaces  may  be  found  in  the  original  design 
calculations  section. 

2.  3  Air  Handling  System 

Optimization  of  the  air  handling  system  was  accomplished  to  the  greatest  extent 
possible  as  described  in  paragraph  2. 2. 1.  Other  aspects  of  this  subsystem  which  were 
further  analyzed  include  fan  efficiency,  fan  type,  system  noise  level,  and  air  manifold 
arrangement. 

Fan  efficiency  has  a  definite  relationship  to  fan  type.  If  dual  fans  (two  fans  opera¬ 
ting  in  parallel  flow)  are  used  for  both  the  internal  and  external  air  streams,  these  fans 
would  operate  at  specific  speeds  of  82,500  and  88,000  respectively: 

[specific  speed  =  (rpm)  (cfm)1^2  /  (inch  water  pressure)3^4] 

These  specific  speed  ranges  represent  an  efficient  operating  condition  for  vaneaxial  type 
fans.  If  it  were  desirable  to  use  forward-curved,  squirrel-cage  type  blowers;  two  double¬ 
inlet  scrolls  or  four  single-inlet  units  should  be  used.  It  waB  estimated  that  the  overall  fan- 
motor  efficiency  of  the  vaneaxial  units  would  be  twice  that  of  the  squirrel -cage  units.  Other 
type  blowers  available  were  not  considered  to  be  feasible  for  this  system. 

In  order  to  meet  the  dual  frequency  requirement,  it  is  necessary  that  fan  motors 
operate  at  both  60  and  400  cps.  Dual  frequency  motors  are  available  with  separate  windings 
within  the  same  motor  frame.  Also,  statically  coinmutated  motors  have  recently  been 
developed  which  will  operate  on  either  frequency;  however,  information  obtained  from  the 
manufacturers  indicate  that  these  motors  are  not  sufficiently  developed  to  be  considered  at 
this  time.  Thus,  it  appears  that  the  dual  frequency  motors  are  best  suited  for  this  applica¬ 
tion.  With  these  motors,  it  will  be  necessary  to  connect  the  power  to  the  proper  winding 
terminals  depending  on  the  power  supply  frequency. 
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With  respect  to  system  noise  level,  it  appears  that  the  NC-60  requirement  could  be 
met  using  either  type  of  blower  considered.  Typically  a  squirrel-cage  blower  will  generate 
the  greatest  noise  in  the  low  octave  bands  where  the  human  ear  is  less  sensitive.  Although 
the  vaneaxial  fan  generates  the  highest  noise  levels  in  the  center  octave  bands,  this  noise  is 
more  readily  attenuated  with  acoustical  insulation.  In  this  system ,  one  inch  thick  fiberglass 
insulation  will  be  used  wherever  it  will  effectively  absorb  sound  or  decrease  thermal  conduc¬ 
tion  losses. 

Probably  the  most  important  consideration  related  to  the  air  handling  system  is  the 
manifold  arrangement.  This,  in  conjunction  with  the  type  and  number  of  fans  used,  largely 
dictates  the  size  and  shape  of  the  overall  unit.  The  possibility  exists  that  the  manifolds 
could  be  eliminated  by  going  to  a  cross-flow  coil  design;  however,  this  presents  other  prob¬ 
lems.  In  a  crossflow  design,  the  coil  must  be  shallow  in  two  directions  in  order  to  keep  the 
fan  pressure  requirements  at  a  reasonable  level.  Making  the  coil  shallow  in  two  directions 
on  a  system  of  this  size  results  in  a  long  thin  coil  which  is  difficult  to  design  into  a  system. 

A  counterflow  coil,  being  shallow  in  only  one  direction,  does  not  have  this  limitation. 

In  order  to  obtain  a  good  manifold  arrangement,  five  possible  systems  were  sketched 
out  and  the  advantages  and  disadvantages  of  each  were  considered.  Systems  1,2,  and  3 
were  relatively  short  and  wide.  A  combination  of  squirrel-cage  and  vaneaxial  fans  were  used 
in  System  1.  System  2  was  similar  except  that  it  used  only  vaneaxial  fans.  System  3  used 
vaneaxial  fans  in  a  somewhat  different  arrangement  than  System  2.  The  major  disadvantages 
of  all  three  systems  was  large  size  and  poor  fan  and  manifold  air  entrance  arrangements. 
System  4  was  a  relatively  high  and  narrow  arrangement  using  all  vaneaxial  fans.  This  sys¬ 
tem  was  smaller  and  had  considerably  better  air  flow  arrangements  than  the  other  three 
systems.  From  this  arrangement  it  became  obvious  that  System  4  could  be  made  shorter  by 
increasing  the  coil  depth  slightly.  System  5  includes  this  change  which  saved  12  per  cent 
in  system  volume  and  20  per  cent  in  manifold  length.  The  penalty  for  this  saving  was  a  20 
per  cent  increase  in  fan  power  resulting  in  a  three  and  one-half  per  cent  decrease  in  system 
coefficient  of  performance. 

System  5  was  then  selected  as  the  best  fan  and  manifold  arrangement  to  be  incor¬ 
porated  into  the  final  design.  The  advantages  of  this  system  arrangement  are  pointed  out  in 
Section  3. 0  of  this  report. 
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2.4 


Control  and  Power  Conversion  System 


The  object  of  the  control  and  power  conversion  system  is  to  regulate  d-e  power  to 
the  thermoelectric  coil  in  response  to  a  signal  obtained  from  the  temperature  sensor.  In 
order  to  provide  this  power  regulation,  two  step-control  methods  and  five  proportional- 
control  methods  were  considered.  The  criteria  used  to  evaluate  these  methods  were  size, 
efficiency,  reliability,  degree  of  modulation,  and  cost. 

The  first  method  considered  was  a  switching  scheme  whereby  the  total  current 
through  the  thermoelectric  coil  could  be  increased  in  discrete  steps  by  automatically  recon¬ 
necting  the  thermoelectric  modules  from  a  series  to  a  parallel  circuit.  The  main  objection 
to  this  method  is  the  increased  cost  of  the  coil,  since  a  proportionately  larger  number  of 
smaller  couples  would  be  required  if  the  unit  were  to  operate  at  full  capacity  with  the 
modules  connected  in  parallel.  Transforming  the  power  to  a  lower  voltage  would  solve  the 
problem  mentioned  above,  but  this  could  be  accomplished  only  at  the  expense  of  transformer 
weight  and  power  loss.  In  addition,  the  specifications  stated  that  power  conversion  should 
be  accomplished  without  voltage  transformation. 

A  simple  two-step  control  was  considered  whereby  the  voltage  to  the  coil  would  be 
increased  by  switching  from  half-wave  to  full-wave  rectification.  The  limited  degree  of 
modulation  attainable,  which  in  turn  affects  the  system  efficiency,  is  the  main  disadvantage 
of  this  method.  Also,  a  special  power  generator  would  be  necessary  in  order  to  operate  on 
half-wave  power. 

The  five  types  of  proportional  control  systems  that  were  considered  include: 

(1)  motor-generator  set;  (2)  magnetic  amplifier  and  rectifier;  (3)  servo-driven  variable 
transformer;  (4)  thyratron  bridge;  (5)  silicon  controlled  rectifier  bridge.  SCR's  and 
thyratrons  can  be  used  in  circuits  other  than  the  bridge  circuits  to  accomplish  proportional 
power  conversion;  however,  the  bridge  circuit  is  more  efficient  and  requires  fewer  power 
components. 

The  SCR  bridge  control  method  is  easily  the  best  of  those  considered  above.  The 
reasons  for  this  largely  involve  the  small  size,  high  efficiency,  and  low  cost  of  this  system. 
Reliability  information  on  SCR  systems  is  incomplete  at  this  time,  but  experience  to  date 
indicates  this  method  is  at  least  as  reliable  as  any  of  the  other  methods  considered.  On  this 
basis,  the  SCR  full -wave  bridge  method  was  used  in  the  final  system  design. 
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3.0 


SYSTEM  DESIGN 


3. 1  Thermoelectric  Coil 

The  final  design  of  the  thermoelectric  environmental  control  unit  was  largely  dic¬ 
tated  by  the  results  obtained  from  the  system  analysis.  However,  in  order  to  make  this 
design  realistic,  experience  and  engineering  knowledge  require  that  numerical  values 
obtained  from  the  computer  study  be  somewhat  compromised. 

It  has  been  well  substantiated  that  there  are  cooling  capacity  losses  in  this  type 
system  that  are  very  difficult  to  calculate.  This  includes  such  losses  as  air  leakage,  joule 
heating  in  electrical  wires  and  connectors,  structural  heat  conduction,  ductwork  and  mani¬ 
fold  conduction,  thermoelectric  material  parameter  variation,  and  non-uniform  air  flow 
distribution.  Added  together,  these  losses  equal  nearly  ten  per  cent  of  the  system  cooling 
capacity.  Consequently,  for  a  net  capacity  of  24,000  Btu/hr,  the  system  should  actually  be 
designed  for  a  capacity  of  26,400  Btu/hr.  Figure  3  shows  the  relationship  between  system 
weight  and  system  performance  when  this  ten  per  cent  loss  factor  is  included. 

As  mentioned  in  paragraph  2. 2. 1,  the  relationship  between  operating  current  and 
element  diameter  must  be  such  that  the  system  will  operate  at  278  volts.  A  graphical  method 
shown  in  Figure  4  was  used  to  determine  this  relationship.  As  shown  on  this  graph,  a  single 
line  represents  the  relationship  between  operating  current,  d-c  power  and  voltage  (design 
voltage  =  278  volts  d-c).  The  diagonal  lines  which  cross  the  voltage  line  represent  the  rela¬ 
tionship  between  current  and  power  for  systems  made  up  of  various  diameter  elements.  The 
vertical  lines  show  the  approximate  relationship  between  system  coefficient  of  performance 
and  d-c  power  draw.  Thus,  a  system  COP  of  1. 20  may  be  obtained  by  using  7. 3  millimeter 
diameter  elements  and  the  system  should  operate  at  18. 0  amperes. 

More  exact  calculations  of  the  system  performance  later  determined  that  the  element 
diameter  should  be  6.9  mm.  and  the  system  should  operate  at  17. 5  amperes.  Reasons  for 
this  deviation  from  the  optimum  result  include: 

(1)  Thermoelectric  material  parameters  were  considered  to  be 
independent  of  temperature  for  the  optimization  calculations. 

(2)  Changes  in  coil  depth  and  air  flow  velocities  were  made  in 
order  to  compact  the  system  as  described  in  paragraph  2. 2. 
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Figure  4.  Graphical  Determination  of  Thermoelectric 
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3.2 


Control  and  Power  Conversion 


Although  the  system  analysis  determined  that  an  SCR  full-wave  bridge  would  provide 
the  best  means  of  supplying  power  to  the  thermoelectric  coil,  a  number  of  considerations 
must  be  taken  into  account  before  the  exact  control  and  power  conversions  circuit  is  finalized. 
The  power  conversion  is  accomplished  with  a  3-phase  bridge  capable  of  supplying  approxi¬ 
mately  six  kilowatts  of  d-c  power  when  operated  from  a  208  volt,  60  or  400  cycle  supply. 

After  full-wave  rectification  and  allowing  for  a  2.  5  volt  drop  across  the  SCR's,  the  208  volt 
a-c  supply  converts  to  278  volts  d-c.  The  magnitude  of  the  d-c  voltage  can  be  controlled  by 
controlling  the  conduction  time  of  the  SCR's.  Thus,  the  main  problem  was  to  design  the 
necessary  circuitry  to  control  the  SCR  conduction  time  in  proportion  to  the  deviation  from 
the  system  set  point  temperature.  Also,  the  polarity  of  the  output  voltage  must  be  reversed 
as  the  heat  pumping  requirement  changes  from  heating  to  cooling  and  vice  versa.  Additional 
circuitry  must  be  designed  for  manual  operation  as  well  as  for  over-temperature  protection. 

Automatic  reversing  could  be  accomplished  statically  by  using  12  SCR's  in  the 
bridge,  or  by  using  a  double  pole,  double  throw  relay  in  conjunction  with  a  bridge  containing 
three  SCR's  and  three  diodes.  The  relay  method  was  used  because  of  its  simplicity. 

The  control  circuitry  includes  a  firing  circuit,  a  signal  shaping  network,  an 
amplifier,  a  temperature  sensor  and  a  Schmitt  trigger.  The  Schmitt  trigger  is  used  to  con¬ 
vert  the  analog  signal  from  the  temperature  sensor  to  a  digital  signal  for  operating  the 
reversing  relay. 

The  temperature  sensor  consists  of  a  thermistor  connected  in  a  d-c  bridge.  The 
voltage  signal  from  the  bridge  is  proportional  to  the  resistance  of  the  uiermistor.  The 
amplifier  is  required  to  increase  this  signal  to  a  workable  level. 

The  signal  shaping  network  is  required  to  provide  a  dead  zone  about  the  set  point 
temperature  and  also  to  provide  a  180  degree  phase  shift  in  the  amplifier  voltage  signal  when 
cooling  is  required. 

Hie  firing  circuit  controls  the  conduction  time  of  the  SCR's.  The  SCR's  are  non¬ 
conducting  until  voltage  pulses  from  the  firing  circuit  are  supplied  to  the  SCR  gates,  at 
which  time  conduction  begins  and  continues  until  the  end  of  a  cycle. 

Transistors  and  other  semiconductor  devices  used  in  this  circuit  have  character¬ 
istics  which  vary  With  temperature.  Therefore,  the  circuit  is  temperature  compensated  so 
that  temperature  change  of  the  control  components  will  not  affect  the  operation  of  the  unit. 
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A  diode  bypass  of  the  SCR's  is  used  for  manual  operation.  A  relay  connects  three 
diodes  into  the  bridge  in  place  of  the  three  SCR's.  All  of  the  automatic  circuitry  is  bypassed 
and  maximum  power  will  be  supplied  to  the  heat  pump. 

A  thermistor  over-temperature  protection  network  was  designed  to  protect  the 
thermoelectric  modules  from  excessively  high  temperatures  that  might  result  from  a  fan 
failure.  If  a  thermistor  detects  a  high  temperature  condition,  power  to  the  thermoelectric 
modules  is  removed. 

A  radio  frequency  filter  was  designed  and  is  used  in  the  system  for  suppression  of 
interference  which  will  be  introduced  by  the  switching  of  the  SCR's. 

The  use  of  a  filter  for  reducing  the  ripple  at  low  output  voltage  was  studied.  The 
results  of  the  study  indicated  that  the  filter  was  not  worth  the  extra  weight  it  would  add  to 
the  system. 

3.  3  Design  Details 

The  physical  system  configuration  and  the  design  system  performance  are  outlined 

below: 

3. 3. 1  Physical  Configuration 

a.  Thermoelectric  Panels 

Element  length,  0.087  inch 
Element  diameter,  6. 9  mm. 

Element  packing  density,  0.45 
Conductor  strap  thickness ,  0. 020  inch 
Number  of  couples,  34  per  panel 
Panel  size,  3. 625  x  2.  540  x  0. 177  inches 


b.  Heat  Exchangers 

Parameter 

Internal  HX 

External  HX 

\  ; 

Fin  spacing,  fin/inch 

30 

30 

Fin  material 

Aluminum 

Aluminum 

Li 

Fin  thickness,  inch 

0. 006 

0. 006 

ft 

Fin  height,  inch 

0. 80 

1.00 

i  s 

Size,  inches 

5.25  x  7.37  x  0.34 

5.25x  7.37  x  1.04 

\ } 
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c.  Thermoelectric  Modules 

Number  of  TE  panels  per  module 
Number  of  TE  couples  per  module 
Number  of  heat  exchanges  per  module 
Size 
Weight 


4 

136 

1  internal,  1  external 
5.  25  x  7.  37  x  2. 06  inches 
2.  67  lb 


d.  Fans 

Parameter 

Manufacturer 

Type 

Identification 
Model  No. 

Length,  inches 
Diameter,  inches 
Weight,  lb 


_ Internal _ 

General  Dynamics 
Vaneaxial 

Proposal  No.  RA-5519 
9071-A 

7- 1/4 

8- 3/4 
13-1/2 


_ External 

General  Dynamics 
Vaneaxial 

Proposal  No.  RA-5520 
9092-A 
10-1/8 
11 
28 


e.  Control  and  Monitor  Panel 

Size  14  x  13  x  4  inches 

Weight  5  lb 


f.  Control  and  Power  Conversion  Package 

Size  20  x  8  x  4  inches 

Weight  16  lb 

g.  Complete  Thermoelectric  System  (24,000  Btu/hr) 


Number  of  TE  modules 
Number  of  TE  panels 
Number  of  TE  couples 
Number  of  internal  fans 
Number  of  external  fans 
Overall  size 
Overall  volume 
Overall  weight 


60 

240 

8160 

2 

2 

18  in.  deep  x  28  in.  wide  x  63  in.  high 
18.4  cubic  feet 
380  lb 


I 


I 
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1 

1 
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a.  Thermoelectric  Coil 


Main  Power 
Supply  Frequency 
60  cps _ 400  cps 


Current,  amperes  d-c 

17.5 

17.7 

Voltage ,  volts  d-c 

278 

278 

Power  draw,  kilowatts 

4.86 

4.92 

Cooling  capacity,  Btu/hr 

28,050 

28, 230 

Coefficient  of  performance 

1.6S 

1.68 

Internal  air  velocity,  ft/min 

359 

402 

External  air  velocity,  ft/min 

838 

945 

Internal  Fan,  Each  Unit 

60  cps 

400  cps 

Voltage,  volts  a-c 

208 

208 

Phase 

3 

3 

Current,  amperes  a-c 

0.6 

1.5 

Power  factor 

0.85 

0.51 

Motor  efficiency 

0.65 

0.57 

Brake  horsepower,  hp 

0.16 

0.21 

Power  draw,  watts 

184 

275 

Sound  pressure  level  ,  C-scale 

70 

70 

Guaranteed  life,  hr 

3,000 

3,000 

Expected  life,  hr 

20,000 

20,000 

Air  flow,  cfm 

510 

560 

Air  pressure,  in.  of  water 

1.26 

1.43 
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c.  External  Fans,  Each  Unit 
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Figure  6. 
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Figure  6.  External  Fan  Performance 


3.  4  Design  Drawings 


Detailed  engineering  drawings  are  included  in  Appendix  A.  Most  of  these  are 
assembly  drawings ,  and  the  appropriate  bill  of  material  for  each  assembly  is  shown  on  the 
drawing.  Exact  design  details  for  all  special  components  which  are  pertinent  to  the  opera¬ 
tion  of  the  system  are  also  shown  on  these  drawings. 

Drawing  number  R-1058-3429  shows  a  thermoelectric  panel  assembly.  In  opera¬ 
tion,  the  electrical  current  will  feed  into  the  panel  through  one  of  the  insulated  lead  straps 
then  alternately  through  the  n-type  and  p-type  bismuth  telluride  elements  and  out  the  insu¬ 
lated  lead  strap  at  the  opposite  end  of  the  panel.  The  34  pairs  of  elements  in  each  panel  are 
connected  in  series  by  means  of  the  67  insulated  conductor  straps.  The  insulated  conductor 
straps  are  made  of  a  metalized  ceramic  wafer  soldered  between  a  copper  conductor  strap, 
and  a  copper  spacer.  This  sandwich  assembly  has  a  dielectric  breakdown  strength  in  excess 
of  4000  volts  d-c,  and  an  electrical  resistivity  in  excess  of  1012  ohms. 

Drawing  number  R-1058-4430  shows  how  four  of  the  thermoelectric  panels  are 
soldered  in  place  between  the  aluminum  internal  and  external  air  heat  exchangers  to  form  a 
module  assembly.  This  module  assembly  is  the  basic  building  block  of  the  thermoelectric 
coil.  In  the  complete  system,  60  of  these  modules  are  stacked  in  12  side-by-side  banks, 
each  bank  five  modules  high.  The  current  flows  through  two  panels  on  one  side  of  each 
module  in  series,  then  on  through  the  two  panels  on  the  same  side  of  the  next  module  located 
directly  above  the  first,  and  so  on  through  the  five  modules  in  one  bank  to  the  top  of  the 
bank.  At  the  top,  current  flows  through  a  jumper  strap  to  the  panel  located  on  the  opposite 
side  of  the  top  module  and  then  back  down  through  the  same  five  modules.  At  the  bottom  of 
each  bank  the  current  will  flow  to  the  next  bank  of  modules  and  so  on  in  series  through  all 
12  banks. 

Drawing  R-1058-9434  shows  the  unit  framework  assembly.  The  frame  is  constructed 
from  1-1/2  x  1-1/2  x  3/16  inch  aluminum  angle  and  1-1/2  x  1-1/2  x  1/8  inch  square  aluminum 
tubing  welded  together.  Calculations  determined  that  this  size  angle  would  keep  the  natural 
frequency  of  the  long  structural  members  well  above  the  rotational  frequency  of  the  system 
fans.  Item  26  of  this  drawing  is  the  internal  air  supply  manifold.  These  manifolds,  as  well 
as  the  return  manifolds,  are  formed  from  aluminum  sheets  insulated  with  a  3/16  inch  layer 
of  free  foamed  epoxy  prior  to  cutting  and  forming. 


Drawing  R-1058-9431  shows  the  system  control  and  monitor  panel.  This  panel 
mounts  into  a  sealed,  recessed  compartment  on  the  inside  face  of  the  unit  such  that  it  may, 
if  desired,  be  remotely  located  without  resealing  the  opening  from  which  it  was  removed. 
Electrically,  this  panel  is  connected  to  the  unit  by  a  single  feed-through  connector  mounted 
near  the  bottom  of  the  recessed  compartment  wall.  The  system  temperature  sensor  mounted 
on  the  face  of  this  panel  is  detailed  on  drawing  R-1058-3432. 

Drawing  R-1058-9433  shows  the  power  conversion  and  control  package.  This  pack¬ 
age  is  made  up  of  a  two -compartment  box  designed  to  confine  radio  frequency  noise 
generated  by  the  silicon  control  rectifiers.  The  free  convection  fins  mounted  to  the  outside 
of  this  box  are  designed  to  conduct  heat  away  from  the  power  rectifier  which  is  mounted 
directly  adjacent  to  the  fins  on  the  inside  of  the  box.  The  rectifier  mounting  blocks  are  in 
good  thermal  contact  with  the  aluminum  box,  but  are  electrically  insulated  from  the  box  by 
18  electrically  insulated  ceramic  conductor  straps. 

Drawing  R-1058-4435  shows  the  access  cover  assembly.  This  removable  cover 
mounts  on  the  outside  face  of  the  unit  and  is  easily  removed  to  allow  access  to  the 
thermoelectric  modules,  the  internal  and  external  fans  and  the  power  rectifier  and  control 
package.  A  fine  mesh  wire  screen  prevents  dust  and  dirt  from  entering  the  external  air 
inlet,  and  the  outer  grill  protects  the  unit  from  damage.  The  internal  air  return  manifolds 
are  mounted  to  the  cover  such  that  when  the  cover  is  tightened  down,  it  will  hold  the  thermo¬ 
electric  modules  firmly  in  position. 

Drawing  R-1058-9436  shows  six  views  of  the  complete  environmental  control  unit 
along  with  a  sectional  side  elevation.  This  drawing  shows  the  mounted  location  of  all  the 
system  components  described  above.  The  buss -bar  which  carries  the  electrical  current 
from  one  bank  of  modules  to  the  next  is  detailed  in  drawing  R-1058-3437 . 

Drawing  R-1058-9439  shows  a  pictorial  side  elevation  of  the  unit  indicating  the 
flow  paths  of  the  internal  and  external  air  streams. 

3.5  Electrical  Circuit  Diagram 

Drawing  R-1058-4428  shows  the  schematic  wiring  diagram  for  the  system.  As 
shown,  the  3-phase,  208  volt,  60  or  400  cycle  power  feeds  into  the  unit  through  the  main 
power  circuit  breaker  switch  (CB1),  through  the  power  rectifier,  through  the  reversing 
relay  (RR),  and  to  the  thermoelectric  heat  pump.  Lead  wires  connect  the  module  selector 
switch  to  each  of  the  12  banks  of  thermoelectric  modules  so  that  the  voltage  drop  across 
each  individual  module  bank,  or  across  tho  total  coil,  may  be  monitored  on  the  voltmeter  (VM). 
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The  same  input  power  feeds  through  the  fan  power  circuit  breaker  (CB2)  to  the  internal  and 
external  fans,  as  well  as  to  the  control  system  voltage  transformer  (TRANS,  1).  The  auto¬ 
matic  control  m.; work  is  made  up  of  a  temperature  sensor  circuit,  amplifier,  Schmitt 
trigger,  signal  shaping  circuit,  and  firing  circuit.  This  network  picks  up  a  signal  from  the 
temperature  sensor  thermistor  (TH1)  and  feeds  a  control  signal  through  the  pulse  trans¬ 
formers  (PT1,  PT2,  PT3)  to  the  gates  of  the  silicon  control  rectifiers  (SCR1,  SCR2,  SCR3). 
At  the  same  time,  the  Schmitt  trigger  controls  the  operation  of  the  control  relay  (CR1)  which 
in  turn  operates  the  reversing  relay  (RR).  The  system  selector  switch  (SW1)  bypasses  the 
automatic  control  network  when  it  is  in  the  manual  heat  or  manual  cool  position.  In  the 
manual  position,  the  reversing  relay  and  the  power  rectif  ier  circuit  are  controlled  such  that 
the  unit  may  operate  at  either  full  cooling  or  full  heating.  During  manual  operation,  the 
power  to  the  thermoelectric  coil  bypasses  the  SCR's  and  is  supplied  through  the  power  diodes 
(D4,  D5,  D6).  The  over-temperature  protection  circuit  monitors  the  signal  from  the  over¬ 
temperature  thermistors  (TIC,  TH3,  TH4,  TH5),  and  will  cut  off  the  power  to  the  rectifiers 
by  operating  the  control  relay  (CR2)  which  in  turn  will  open  the  main  contactor  (MC).  The 
over-temperature  thermistors  are  mounted  to  the  thermoelectric  coil  frame  so  that  they  are 
in  good  thermal  contact  with  the  internal  and  external  air  fins. 

3. 6  Design  Requirements 

The  design  requirements  for  this  system  are  specified  in  Section  2  of  the  Purchase 
Description  as  amended  by  Amendment  No.  1.  The  system  design  described  in  Sections  3. 2, 
3. 3,  and  3. 4  above  meets  or  exceeds  all  of  the  specified  requirements  with  the  exception  of 
unit  volume.  The  18. 4  cubic  foot  volume  of  this  design  exceeds  the  15  cubic  foot  requirement 
described  in  Section  2. 2. 3  of  the  Purchase  Description. 

With  regard  to  certain  requirements  describing  the  method  of  control,  variations 
are  made  in  the  exact  method  specified.  However,  the  same  end  result  is  accomplished  by 
means  that  are  considered  better  than  those  described.  These  variations  are  described 
below;  the  section  numbers  listed  refer  to  those  used  in  the  Purchase  Description. 

Section  2. 4, 2. 2  -  Automatic  Capacity  Control: 

With  this  system  design,  automatic  capacity  control  is  accomplished  by 
modulating  the  voltage  applied  to  the  thermoelectric  coil.  This  modula¬ 
tion  is  continually  proportional  from  full  cooling  to  full  heating.  The 
operation  of  this  control  system  is  described  in  more  detail  in  Section 
4. 1. 3. 3  of  this  report. 
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Section  2. 4. 3. 1  -  Selector  Switch; 

The  selector  switch  has  only  three  positions:  MANUAL  HEAT, 

MANUAL  COOL,  and  AUTOMATIC. 

Section  2. 4.  3. 1.  3  -  Off: 

Power  to  the  thermoelectric  coil  is  turned  off  by  turning  the  main 
power  circuit  breaker  switch  to  the  OFF  position. 

Section  2, 4. 3. 1,  5  -  Start: 

A  special  start  mode  of  operation  is  not  provided.  With  the  fast 
response  time  and  the  high  heat  pumping  capacity  of  a  thermo¬ 
electric  unit  during  start-up,  it  appears  that  a  special  starting 
mode  of  operation  should  not  be  required. 

Section  2. 4. 3. 2. 1  -  Inside  Fan  Motor  Switch: 

The  inside  fan  will  run  whenever  the  fan  power  circuit  breaker 
switch  is  on. 

Section  2. 4. 3. 2. 2  -  Outside  Fan  Motor  Switch: 

The  outside  fan  motor  switch  has  two  positions,  ON  and  AUTOMATIC. 

The  system  could  possibly  be  damaged  if  the  external  fans  were 
turned  off  when  the  unit  was  operating  in  the  cooling  mode,  consequently 
the  OFF  position  was  eliminated. 

Section  2. 4. 3. 5  -  Monitor  Lights: 

A  voltmeter  and  a  thermoelectric  module  selector  switch  are  located 
on  the  control  and  monitor  panel.  This  provides  a  means  of  checking 
the  exact  voltage  drop  across  each  module  bank. 

Section  2. 4. 7  -  Thermoelectric  Modules: 

This  unit  has  12  module  banks  each  comprised  of  five  identical  modules. 

4.0  SYSTEM  OPERATION 

4.1  Description  of  Operation 

4. 1. 1  General.  The  basic  subsystems  comprising  the  thermoelectric  environmental  con¬ 
trol  unit  are:  (1)  thermoelectric  coil,  (2)  air  handling,  and  (3)  control  and  power  conversion. 
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Referring  to  Drawing  R-1058-9439,  the  air  flow  paths  through  the  fans,  manifolds, 
and  thermoelectric  coil  are  shown.  Internal  air  enters  the  top  of  the  unit  just  above  the 
internal  fans  and  passes  through  the  fans  into  the  internal  air  supply  manifolds.  It  then 
passes  through  the  thermoelectric  coil,  up  through  the  six  return  air  manifolds  and  leaves 
the  unit  through  the  top  opening  near  the  outside  face  of  the  unit. 

External  air  enters  through  the  outside  face  of  the  unit,  passes  through  the  protective 
grill  and  fine  mesh  screen  straight  into  the  external  air  fins  of  the  thermoelectric  coil. 

After  leaving  the  coil,  air  passes  downward  into  the  external  fans  and  is  discharged  through 
a  protective  grill  near  the  bottom  of  the  outside  face.  Thus,  the  two  air  streams  pass 
through  the  coil  in  counter  flow.  The  internal  circuit  is  under  positive  pressure  and  the 
external  circuit  under  negative  pressure  so  that  any  air  leakage  will  always  be  from  the 
internal  to  the  external  air  stream. 

The  direction  of  heat  flow  through  the  thermoelectric  modules  is  dependent  on  the 
polarity  of  d-c  power  supplied  to  the  modules.  In  the  cooling  mode,  heat  is  pumped  from 
the  internal  air  stream  to  the  external  air  stream.  In  the  heating  mode,  heat  is  not 
actually  extracted  from  the  external  air  stream,  since  the  external  fans  are  always  off. 
However,  the  heat  equivalent  of  the  power  input  is  rejected  to  the  internal  air  stream.  Con¬ 
trol  of  the  d-c  current  flow  quantity  and  direction  is  described  in  Section  4. 1. 2. 

4. 1. 2  Control  and  Power  Conversion 

4. 1. 2. 1  Manual  Operation. 

Refer  to  Drawing  R-1058-4428.  When  the  system  selector  switch  (SW1)  is 
in  the  manual  cool  position,  the  manual  relay  (MAN)  is  energized,  the  SCR‘s  (SCR1,  SCR2, 
SCR3)  are  disconnected  from  the  rectifier  bridge,  and  the  diodes  (D4,  D5,  D6)  are  connected 
to  the  bridge.  The  reversing  relay  (RR)  is  in  the  non-energized  cooling  position  and  278  volts 
d-c  is  applied  to  the  thermoelectric  heat  pump. 

With  the  system  selector  switch  in  the  manual  heat  position,  manual  relay 
(MAN)  is  again  energized,  the  reversing  relay  (RR)  is  energized  to  the  heating  position,  and 
278  volts  d-c  is  applied  to  the  thermoelectric  coil.  Also,  the  fan  relay  (FR)  is  energized, 
cutting  the  external  fans  off. 
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4.1.2. 2  Automatic  Operation. 

In  the  automatic  mode  of  operation,  a  small  voltage  signal  is  produced  by 
the  temperature  sensor  in  proportion  to  the  difference  between  the  set  point  temperature 
and  the  temperature  of  the  control  thermistor  (TH1).  The  resistance  of  the  thermistor 
decreases  as  the  temperature  increases,  and  this  causes  the  voltage  at  the  base  of 
transistor  TR1  to  increase  in  proportion  to  the  temperature  increase.  Hie  voltage  signal 
is  amplified  by  transistor  TB2  and  then  supplied  to  the  reversing  network  consisting  of  a 
Schmitt  trigger,  a  control  relay  (CR1),  and  the  reversing  relay  (RR).  Simultaneously,  this 
amplified  signal  is  supplied  to  the  signal  shaping  network. 

The  amplifier  and  Schmitt  trigger  are  biased  so  that  the  reversing  occurs 
at  a  set  point  temperature  of  67°F.  As  the  temperature  rises  above  67°F,  the  control  relay 
(CR1)  is  energized,  opening  its  normally  closed  contacts.  Also,  the  reversing  relay  is 
de-energized  placing  a  cooling  polarity  on  the  thermoelectric  coil,  and  the  fan  relay  (FR)  is 
de-energized  turning  on  the  external  fans.  As  the  temperature  of  the  control  thermistor 
drops  below  67°F,  the  control  relay  (CR1)  is  de-energized  which  in  turn  energizes  the 
reversing  relay  to  the  heating  position,  and  the  fan  relay  turns  off  the  external  fans. 

The  signal  shaping  network  provides  a  dead  zone  of  ±  5°F  about  the  set 
point  temperature.  When  the  control  thermistor  temperature  is  in  this  dead  zone,  no  signal 
is  supplied  to  the  firing  circuit,  and  consequently  power  is  not  supplied  to  the  thermoelectric 
coil.  As  the  control  thermistor  temperature  increases  above  72°F,  the  voltage  from  the 
signal  shaping  network  increases  continuously  until  the  full  cooling  signal  is  produced  at 
77°F.  Conversely,  as  temperature  drops  below  62°F,  the  voltage  decreases  until  the  full 
heating  signal  is  produced  at  57°F. 

The  voltage  from  the  signal  shaping  network  is  supplied  to  the  firing 
oirouit  which  controls  the  conduction  time  of  the  SCR's  in  proportion  to  the  voltage  signal. 
Controlling  the  conduction  time  of  the  SCR's  in  turn  controls  the  voltage  applied  to  the 
thermoelectric  coil.  Figure  7  shows  the  relation  between  the  control  thermistor  temperature 
and  the  applied  system  voltage.  The  firing  circuit  used  here  is  a  unijunction  type.  In  this 
circuit,  a  voltage  signal  is  converted  to  a  time  signal  by  charging  a  capacitor.  Thus,  a 
high  signal  voltage  corresponds  to  a  short  charging  time  which  in  turn  results  in  a  long 
conduction  time. 
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Figure  7.  System  Control  Characierletlce 


as 


4. 1. 2. 3  Over-Temperature  Protection. 

In  the  over-temperature  protection  circuit,  the  thermistors  (TH2,  TH3, 
TH4,  TH5)  are  located  to  protect  the  system  against  over- temperature  conditions  which 
could  be  caused  by  an  inoperative  fan  or  by  a  blocked  air  passage.  If  the  temperature  of  any 
one  of  these  thermistors  exceeds  160°F  duriig  operation,  then  control  relay  (CR2)  is 
energized,  which  in  turn  de-energizes  the  main  contactor  (MC)  removing  power  from  the 
thermoelectric  coil.  Simultaneously,  the  reset  warning  light  on  the  control  panel  will  go  on 
indicating  an  over-temperature  condition  has  occurred.  To  resume  operation  after  an 
over-temperature  condition  occurs,  the  "reset"  button  must  be  depressed. 

4.2  Operating  Procedure 

4. 2. 1  Automatic  Operation.  To  operate  this  unit  in  the  automatic  mode,  the  following 
sequential  procedure  should  be  followed: 

1.  Selector  switch  .  .  .  AUTO 


2.  External  fan . AUTO 

3.  Fan  power . ON 

4.  Main  power . ON 


Both  the  main  power  and  the  fan  power  indicator  lights  should  be  on.  The  reset 
light  should  be  out;  however,  if  the  reset  light  is  on  immediately  after  the  fan  power  switch 
is  turned  on,  then  the  reset  button  should  be  pushed. 

If  during  automatic  operation,  or  any  mode  of  operation,  the  operator  wants  to 
check  the  module  operation,  the  voltage  drop  across  ai\j  of  the  12  module  banks  may  be 
monitored  by  setting  the  module  selector  switch  to  the  proper  module  bank  number  and 
reading  the  voltage  drop  from  the  meiei . 

To  turn  the  unit  of;  when  operating  in  the  automatic  mode,  the  sequence  is: 


1.  Main  power . OFF 

2.  Fan  power . 0*?‘F 


4. 2. 2  Manual  Operation.  To  operate  the  unit  in  either  the  manual  cooling  or  the  manual 
heating  mode: 

1.  Selector  switch _ MAN.  COOL  OR  MAN.  HEAT 


2.  External  fan . AUTO 

3.  Fan  power . ON 


4.  Main  power  ......  ON 


To  turn  off  unit: 

1,  Main  power . OFF 

2.  Fan  power . OFF 


4. 2. 3  Manual  Fan  Operation.  In  order  to  operate  the  internal  fans  without  operating  the 
thermoelectric  coil  or  the  external  fan,  the  sequential  operations  are: 

1.  Selector  switch ....  MAN.  HEAT 

2.  External  fan . AUTO 

3.  Main  power . OFF 

4.  Fan  power . ON 

To  operate  botn  internal  and  external  fans  with  the  thermoelectric  coil  off: 

1.  External  fan . ON 

2.  Main  power . OFF 

3.  Fan  power . ON 

If  the  inside  air  temperature  is  above  67  °F  and  the  outdoor  ambient  is  below  67  °F, 
it  may  be  possible  to  decrease  the  inside  temperature  to  67  'F  and  control  at  this  tempera- 
turo  without  operating  the  thermoelectric  coil.  This  is  possible  by  operating  the  internal 
fans  and  letting  the  external  fans  cycle  on  and  off  in  the  automatic  operating  mode.  To 
accomplish  this: 

I.  Selector  switch.  ,  ,  .  AUTO 


2.  External  fan . AUTO 

3.  Main  power . OFF 

4.  Fan  power  .......  ON 


To  turn  the  unit  off  after  any  manual  fan  operation,  simply  turn  the  fan  power 
switch  off. 

4. 3  Operating  Performance 

Electronic  analog  computer  calculations  were  made  to  determine  the  performance 
characteristics  of  this  system  at  off-design  as  well  as  at  design  conditions.  The  operating 
performance  at  design  condition  was  described  in  detail  in  Section  3. 3. 2.  Figure  8  shows 
the  plotted  computer  solution  for  the  system  operating  at  design  conditions  on  60  cycle 
power.  This  plot  shows  how  the  element  junction  temperature  and  the  internal  and  external 
air  temperatures  vary  with  coil  location. 
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Off -design  cooling  performance  was  calculated  for  variations  in  outdoor  ambient 
temperature,  internal  supply  air  temperature  and  operating  voltage.  Heating  performance 
was  calculated  for  variation  in  operating  voltage.  All  calculations  were  made  for  both  60 
and  400  cycle  operation.  The  system  power  draw  and  COP  are  significantly  affected  by  main 
power  frequency,  whereas  the  change  in  cooling  capacity  is  insignificant.  Figures  9  and  10 
show  how  system  capacity  varies  with  ambient  temperature  and  operating  voltage  for  supply 
air  temperature  of  72  and  62°F,  respectively.  In  both  of  these  plots,  the  heating  capacity 
is  based  on  a  return  air  temperature  of  50°F.  Note  that  zero  amperage  curves  are  shown 
rather  than  zero  voltage.  The  reason  for  this  is  that  when  the  SCR's  are  shut  off,  there  is 
still  a  back  EMF  on  the  system  generated  by  the  thermoelectric  coil.  In  certain  cases,  this 
generated  voltage  may  exceed  60  volts.  Figures  9  and  10  are  of  primary  interest  because  they 
give  a  good  representation  of  how  the  system  will  perform  under  normally  expected  conditions 
of  operation.  It  is  interesting  to  note  that  there  is  a  large  range  of  operation  between  zero 
amperage  heating  and  zero  amperage  cooling.  Within  this  range,  the  system  will  control 
the  inside  air  temperature  at  the  set  point  temperature  of  67°F  by  simply  turning  the  external 
fans  off  and  on  as  required. 

Figure  11  shows  how  system  performance  during  cooling  operation  varies  with  out¬ 
door  ambient  air  temperature  and  operating  voltage.  System  capacity,  power  draw  and  co¬ 
efficient  of  performance  are  all  shown  for  60  cycle  operation  and  a  supply  air  temperature 
of  72°F. 

Figure  12  shows  the  same  performance  information  when  the  supply  air  temperature 
is  62°F,  and  Figures  13  and  14  show  similar  curves  for  the  system  operating  on  400  cycle 
power. 

Figures  15  and  16  show  how  system  performance  during  full  cooling  operation 
varies  with  outdoor  ambient  sir  temperature  and  supply  air  temperature.  Again  system 
capacity,  power  draw,  and  coefficient  of  performance  may  be  determined  from  the  plot. 

Figure  15  represents  60  cycle  operation  and  Figure  16  represents  400  cycle  operation. 

These  two  plots  are  of  greatest  interest  because  they  represent  how  the  system  will  operate 
in  the  manual  cooling  mode.  They  also  show  the  system  design  operating  condition. 

The  exaot  procedure  used  to  calculate  the  performance  information  is  located  in 
the  calculation  section  of  Copy  No.  1  of  this  report.  Tabulated  data  is  also  provided  which 
shows  such  information  as  operating  current,  fan  power  requirements,  etc. 
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Figure  9.  Operating  Performance  Curve  Showing  Capacity  aa  a 
Function  of  Ambient  Temperature  and  Operating  Voltage 
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Figure  12.  8yetem  Cooling  Performance 
(72°F  Supply  Air  Temperature,  400  Cycle  Power) 
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Figure  13.  8ystem  Cooling  Performance 
(62°F  Supply  Air  Temperature,  60  Cycle  Power) 
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Figure  14.  System  Cooling  Performance 
<62°F  Supply  Air  Temperature,  400  Cycle  Power) 
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Figure  16.  o/atan  Cooling  Performance 
(278  Volt  Operation,  00  Cycle  Power) 
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SYSTEM  COEFFICIENT  OF  PERFORMANCE 
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Figure  16.  Syalem  Cooling  Performance 
(278  Volt  Operation,  400  Cycle  Power) 


5.0 


MAINTENANCE  PROCEDURES 


5. 1  Thermoelectric  Module 

A  thermoelectric  module  with  a  broken  junction  may  either  be  replaced  w:‘'i  a  spare 
module  or  electrically  removed  from  the  circuit  while  it  physically  remains  in  the  thermo¬ 
electric  coil.  To  replace  a  thermoelectric  module; 

(1)  Remove  access  cover  from  outside  face. 

(2)  Identify  the  bank  which  contains  the  defective  module. 

(3)  Remove  the  top  module  in  this  bank  by  sliding  it  up 
about  1  inch  and  then  out. 

(4)  Remove  successive  modules  from  the  bank  in  the  same 
manner  until  the  defective  module  has  been  removed. 

(5)  Replace  with  a  spare  module  making  sure  that  the 
module  connector  pins  are  properly  in  place. 

(6)  Replace  the  other  modules  into  the  bank,  again  insuring 
that  all  connector  pins  are  properly  in  place. 

(7)  Replace  and  fasten  down  the  access  cover. 

If  a  spare  module  is  not  available,  then  a  defective  module  may  be  electrically 
removed  from  the  circuit  by  the  following  procedure: 

(1)  Remove  access  cover  from  outside  face. 

(2)  Remove  the  top  module  as  described  perviously. 

(3)  Remove  successive  modules  from  the  bank  in  the  same 
manner  until  the  defective  module  has  been  removed. 

(4)  After  removal  of  the  defective  module,  replace  all  other 
modules  into  the  bank  such  that  each  module  is  one  position 
below  its  original  position. 

(5)  Leaving  the  jumper  strap  in  its  original  position  across  the 
top  of  the  uppermost  module,  replace  the  bad  module  into 
the  top  position  after  removing  the  connector  pins. 

(6)  Replace  and  fasten  down  the  access  cover. 
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Internal  Fan 


In  order  to  remove  an  internal  fan: 

(1)  Remove  access  cover  from  outside  face. 

(2)  Remove  the  internal  air  baffle  from  the  front  of  the  fans. 

(3)  Disconnect  fan  electrical  connector. 

(4)  Remove  fan  mounting  bolts  and  remove  fan. 

(5)  Replace  fan  by  reversing  steps  1,  2,  3,  and  4. 

External  Fan 

To  remove  an  external  fan: 

(1)  Remove  access  cover  from  outside  face. 

(2)  Disconnect  fan  electrical  connector. 

(3)  Remove  fan  mounting  bolts  and  remove  fan. 

(4)  Replace  fan  by  rever.~  ,  steps  1,2,  and  3. 

Control  and  Power  Conversion  Package 

To  remove  the  control  and  power  conversion  package: 

(1)  Remove  access  cover  from  outside  face. 

(2)  Remove  one  external  fan. 

(3)  Remove  all  electrical  connectors  from  control  box. 

(4)  Remove  screws  fastening  the  control  box  to  the  unit 
frame  and  remove  control  box. 

(5)  Replace  box  by  reversing  steps  1,  2,  3,  and  4. 

To  remove  a  printed  circuit  card  from  the  control  and  power  conversion  package: 

(1)  Remove  cover  from  package. 

(2)  Slip  card  from  connector  and  replace  with  a  spare  card. 

(3)  Replace  cover. 
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To  remove  a  bad  diode  or  SCR  from  the  rectifier  hridge: 

(1)  Remove  cover  from  the  control  box. 

(2)  Disconnect  lead  wires  from  the  defective  diode  or  SCR. 

(3)  Remove  the  defective  component  and  replace  with  a  spare. 

Care  should  be  exercised  to  prevent  stripping  the  copper 
threads.  If  a  torque  wrench  is  available,  the  components 
should  be  torqued  to  30  in.  -lb. 

(4)  Replace  the  lead  wires. 

(5)  Replace  cover. 

6. 5  Frequency  Changeover 

The  fan  motors  and  the  firing  circuit  for  this  system  are  frequency  sensitive. 
Consequently,  they  must  be  wired  for  the  proper  supply  frequency.  On  the  firing  circuit, 
a  jumper  wire  must  be  removed  when  the  unit  is  operated  at  400  cycles.  This  wire  is 
marked  as  indicated  on  the  schematic  wiring  diagram.  Conversely,  when  operating  on  60 
cycle  this  wire  must  be  connected  in  position. 

The  fan  motors,  are  dual  frequency  with  a  separate  set  of  lead  wires  for  each 
frequency.  Each  set  of  wires  is  connected  to  an  MS  connector.  The  connectors  are  clearly 
marked  60  cycle  or  400  cycle.  The  proper  connection  is  determined  by  the  main  power 
supply  frequency. 

6. 0  MANUFACTURING  PROCEDURE 

The  manufacturing  procedure  used  to  process  thermoelectric  panels  consists 
principally  of  processing  semiconductor  elements  and  insulated  conductor  straps  and 
assembling  them  into  the  panel  circuit.  Detailed  process  sheets  are  available  which 
describe  the  exact  step-by-step  procedures  that  have  been  developed  at  Carrier's  thermo¬ 
electric  process  development  and  pilot  production  facility.  The  applicable  process  sheets 
are  included  in  Appendix  B. 
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7.0 


COST  ESTIMATE 


The  Purchase  Description  requests  a  cost  estimate  for  fabricating  one  prototype 
unit  and  total  costs  for  producing  quantities  of  10,  50  and  600  units  per  buy.  A  detailed 
price  analysis  is  presented  in  Figure  17  to  show  prototype  development  costs  and  an  estimate 
for  producing  ten  units.  An  explanation  is  in  order  for  these  cost  estimates  as  well  as  for 
the  larger  production  quantities. 

Input  data  for  the  price  analysis  shown  has  been  obtained  from  actual  experience 
using  existing  thermoelectric  process  development  facilities  and  the  manufacturing  methods 
described  in  the  previous  section.  Existing  facilities  and  procedures  are  adequate  for  pro¬ 
totype  development  and  for  a  limited  production  to  meet  the  requirements  of  field  trial  qual¬ 
ification.  After  absorption  of  non-recurring  development  costs,  there  would  be  only  minor 
differences  in  cost  per  unit  up  to  the  maximum  capability  of  the  existing  facilities  and  using 
the  manufacturing  procedures  described  earlier.  In  other  words,  after  the  first  unit  is 
developed,  whether  the  additional  requirement  is  for  three  units,  five  or  ten,  only  slight 
cost  improvement  would  be  possible.  The  maximum  capability  of  the  facility  now  in  use 
would  be  about  ten  units,  considering  a  reasonable  delivery  time  for  fabrication.  Therefore, 
the  information  presented  in  the  price  analysis  for  producing  one  and  ten  units  should  be 
regarded  as  reasonably  representative  for  any  number  within  this  range,  the  major 
difference  for  quantities  smaller  than  ten  being  in  material  costs.  Likewise,  to  reflect 
substantial  reductions  in  cost,  a  scale-up  to  meet  volume  production  requirements  would 
be  necessary.  This,  of  course,  is  not  reflected  in  the  price  for  a  range  from  one  to  ten 
units. 

For  quantities  of  50  and  600  units  per  buy,  increased  automation  of  routine  pro¬ 
cedures  would  be  employed.  High  volume  operations  would  justify  capital  expenditures  to 
reduce  labor  costs  and  to  improve  process  yield,  both  of  which  are  significant  percentages 
of  unit  cost  in  small  quantities  as  produced  by  existing  methods.  One  of  the  major  advantages 
of  producing  a  small  number  of  units,  say  three  to  ten,  would  be  to  establish  production 
measures  which  could  be  employed  for  large  scale-up  in  capacity. 

It  is  fully  recognized  that  cost  will  play  a  major  role  in  determining  the  ultimate 
feasibility  of  thermoelectric  systems.  The  advantages  of  reliability,  size,  weight  and 
performance  characteristics  will,  in  the  final  analysis,  have  to  be  related  to  cost  in  com¬ 
parison  with  a  conventional  system.  Carrier  believes  that  the  effect  of  a  scale-up  to  meet 
true  production  requirements  will  be  of  major  significance  in  reducing  thermoelectric 
system  cost  to  a  level  where  it  is  competitive  with  more  conventional  systems.  We  do  not 


44 


f 

-fc 

I 

I 

I 

1 

1 

I 

I 

1 

■A 

I 

I 

I 

I 

I 

X 

! 

1 

I 

I 


I 

I 

I 

l 

1 

l 

I 

I 

I 


I 

I 


< :  a  mi  i  KitAHj  con  amt  >nino  company 

MILITARY  EQUIPMENT  DEPARTMENT 
PRICK  ANALYSIS 

Contract  No.  DA-44-009-AMC-113S(T) 

Dale _ September,  1965 _ 

Kali  mated  by  _ _ 

Chocked  by _ _ _ 


PRICK  ITEMIZATION 

Non-Recurring 
Preproduction  Costs 
(No.  Units_0 _ ) 

Production 

Costs 

(No.  Units  1  ) 

Production 

Costs 

(No.  Units  10) 

DIRECT  MATERIAL 

Raw  Material _  _  _ 

5,800 

4,700 

47,000 

35.100 

FACTORY  LABOR 

1,900  llrs  at  $  3. 95  /llr 

7,505 

14.500  llrs  at  $  2.  50  /Hr 

36,250 

FACTORY  OVERHEAD  145  % 

rnmmm 

IMBraSN 

ENGINEERING  LABOR 

2,000  llrs  at  $6.  50  /Hr 

5PD~~  -  - - 

i  nnn  lire  at  $  5. 25  /Hr 

_ 13JC3 _ 

L - 

2,625 

5,250 

ENGINEERING  OVERHEAD  85  % 

11.050 

2.231 

4.463 

DRAFTING  LABOR 

600  lira  at  $4. 25  /Hr 

2.125 

DRAFTING  OVERHEAD  85  % 

1,806 

OTHER  DIRECT  COSTS 

i  TESTING  HATFJtlALS  -  COSTS 

(•)  Testing  Labor:  100  hrs  at  3.95  x  2. 45 

968 

(iul  Testing  Labor:  400  hra  at  2. 60  x  2. 45 

2.450 

TOTAL  MANUFACTURING  COSTS 

27,981 

34,711 

183,076 

GENERAL  A  ADMINISTRATIVE  EXPENSE  Jjj_  % 

4.197 

6.207 

TOTAL  COST 

32,178 

39,918 

210,537 

PROFIT  10  % 

3,218 

3,992 

21,054 

MISCELLANEOUS  COSTS 

(a)  _ 

<b) 

(«>  - 

TOTAL  SELLING  PRICE  (No.  ol  Units  ) 

__  -  -  —  —  —  — 

- -  -  —  —  — 

- —  — 

35.196 

43.910 

231.591 _ 

Purchaser _ USAKRDL,  Fort  Helvoir,  Va. _ 

Project  Thermoelectric  Environmental  Control  Unit 

Applicable  Spec.  RFQ  No.  65-1816B _ 

Typo  Units  Thermoelectric _ 


Figure  17.  Detailed  Prioe  Analysis 
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believe,  however,  that  it  is  possible,  without  the  experience  of  prototype  development  and  a 
limited  production  for  field  evaluation  purposes,  to  predict  an  accurate  unit  cost  for  large 
volume  requirements. 

It  is  our  belief  that  no  one  is  in  a  better  position  to  predict  the  cost  of  developing 
and  producing  a  system  of  the  type  described  than  Carrier.  We  are  the  only  company  to 
date  that  has  developed  and  produced  a  thermoelectric  air  conditioning  system  for  a  com¬ 
mercial  application,  namely  the  28  units  provided  for  the  S.C.  Johnson  application  described 
previously.  On  the  basis  of  this  experience,  we  believe  that  a  projection  of  costs  to  large 
production  quantities  would  be  misleading  until  after  the  important  first  steps  of  prototype 
development  and  limited  production  for  field  trial  qualification  have  been  completed  success¬ 
fully. 


8. 0  SUMMARY  OF  RESULTS 

A  system  analysis  has  been  completed  for  a  24,000  BtuAr  thermoelectric  environ¬ 
mental  control  unit.  In  this  analysis  an  electronic  analog  computer  was  used  to  optimize 
12  system  parameters  for  minimum  weight  and  maximum  efficiency.  All  important  sub¬ 
systems  and  sub-system  components  were  also  analyzed  by  weighing  the  advantages  and 
disadvantages  of  the  design  possibilities  considered. 

From  this  analysis  a  design  was  formulated  to  meet  the  system  requirements  as 
described  in  the  Purchase  Description.  A  complete  set  of  assembly  drawings  are  provided. 
The  resulting  thermoelectric  environmental  control  unit  haB  outside  dimensions  of  28  inches 
wide  by  18  inches  deep  by  63  inches  high,  weighs  380  pounds  and  will  provide  24,000  Btu/hr 
cooling  capacity  at  an  overall  system  coefficient  of  performance  of  1. 12. 

Calculations  were  made  to  determine  the  off-design  performance  characteristics 
of  this  system.  Performance  information  is  presented  in  graphical  form ,  and  a  complete 
description  of  how  the  system  operates  is  included.  Operating  instructions,  maintenance 
procedures,  manufacturing  procedures  and  cost  analysis  information  are  also  presented. 

8. 0  RECOMMENDATIONS 

On  the  basis  of  the  results  presented  herein,  it  is  recommended  that  development 
of  a  prototype  unit  be  initiated.  The  objectives  outlined  in  the  Purchase  Description  have 
been  met  or  exceeded  by  the  design  provided.  Carrier  is  confident  that  a  successful  proto¬ 
type  unit  can  be  built  which  will  be  in  complete  accord  with  all  of  the  physical  and  perform¬ 
ance  characteristics  of  the  design  shown. 
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It  is  estimated  that  delivery  of  a  completed  unit  can  be  made  within  nine  months 
from  the  date  of  contract  award.  As  shown  in  the  price  analysis  included  in  Section  7. 0,  the 
estimated  cost  for  producing  one  unit  of  the  type  designed  is: 

None-recurring  developmental  costs  $35,196 

Production  cost  43,910 

Total  estimated  cost  $79,106 

We  will  welcome  the  opportunity  of  working  with  USAERDL  in  developing  this  unit 
and  believe  that  it  is  an  important  and  worthwhile  step  in  the  application  of  thermoelectricity 
to  military  requirements. 


APPENDIX  A 


LIST  OF  ASSEMBLY  AND  SCHEMATIC  DRAWINGS 

1.  R1 058-3429  Panel  Assy,  for  T.  E.  Environmental  Control  Unit 

2.  R1 058-4430  Module  Assy,  for  T.  E.  Environmental  Control  Unit 

3.  R1 058-9434  Frame  Assembly  for  T.  E.  Environmental  Control  Unit 

4.  R1 058-9431  Control  and  Monitor  Panel  for  T.  E.  Environmental  Control  Unit 

5.  R1 058-3432  Temperature  Sensor  Assembly  for  T.  E.  Environmental  Control 

Unit 

6.  R1058-9433  Power  Conversion  &  Control  Package  for  T.  E.  Environmental 

Control  Unit 

7.  R1 05 8-4435  Access  Cover  Assembly  for  T.  E.  Environmental  Control  Unit 

8.  R1 058-9436  Unit  Assembly  for  T.  E,  Environmental  Control  Unit 

9.  R1 058-3437  Module  Receptacle  for  T.  E.  Environmental  Control  Unit 

10.  RldjS 8-9439  Air  Flow  Diagram  for  T.  E.  Environmental  Control  Unit 

11.  Rl 058 -4428  Sohematlo  Diagram  Control  and  Power  Supply  for  T.  E. 

Environmental  Control  Unit 
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